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(71) We, Philips Electronic and 
Associated Industries Limited, of Abacus 
House, 33 Gutter Lane, London, E.C2, a 
British Company, do hereby declare the in- 
5 vention, for which we pray that a patent 
may be granted to us. and the method by 
which it is to be performed, to be particu- 
larly described in and by the following state- 
ment: — 

10 This invention relates to apparatus for 
detecting the orientation of tiie plane of 
polarisation of a linearly polarised beam of 
radiation by means of a radiation-sensitive 
detection system. 
15 In one form of such apparatus hitherto 
proposed, the intensity of the radiation is 
measured after the linearly polarised inci- 
dent beam has traversed an analyser. This 
intensity is then taken as a measure of the 
20 position of the plane of polarisation. 

In anotiier proposed form of such appara- 
tus, a beam sphtter is arranged in the path 
of the linearly polarised incident beam to 
split the beam into two parts, and a respec- 
25 tive polariser is so arranged in the path of 
each of the beam portions that the direc- 
tions of polarisation of the two polarisers are 
effectively at an acute angle to each other. 
The beam splitter can, for example, be a 
30 semi-transparent beam splitter. Each polar- 
iser passes only that component of the inci- 
dent radiation which is polarised in the direc- 
tion of polarisation of the respective polar- 
iser. If me beam splitter spHts the beam into 
35 two equal parts and the directions of polari- 
. sation of the polarisers are effectively at an 
angle to each other of 45° with reference 
to the orientation of the polarisation of the 
beam, the sum of the squares of the ampli- 
40 tudes of the radiation passed by each of the 
polarisers is constant. Each beam portion 
can then be directed onto a respective quad- 
ratic detector, the electrical output signal 
obtained from each detector being propor- 
45 tional to the square of the amplitude of the 
radiation incident thereon. The respective 



detector output signals can be applied, pre- 
ferably after amplification, to the horizon- 
tal and vertical deflection plates of a cathode- 
ray tube, and a spot can thereby be dis- 
played on the screen of the tube, which des- 
cribes a circular path and will execute one 
complete revolution thereof if the direction 
of polarisation of the linearly polarised beam 
of radiation is rotated through ISO"". 

The detection arrangements hitherto pro- 
posed sniffer the disadvantage that only com- 
paratively rapid variations in the orientation 
of the plane of polarisation of the linearly 
polaris^ beam of radiation can readily be 
measured. For if the orientation of the 
plane of polarisations does not vary or varies 
only slowly, the output signal of the radia- 
tion-sensitive detection system will be a 
direct voltage or a slowly varying voltage. 
This direct voltage or slowly varying volt- 
age must be processed, and this involves 
difficulties. 

It is an object of the invention to pro- 
vide improved apparatus of the kind set 
fortih in which the measurement of a station- 
ary or slowly varying orientation of the 
plane of polarisation is facilitated. 

In accordance with the invention there is 
provided apparatus for detecting the orienta- 
tion of the plane of polarisation of an inci- 
dent beam of linearly polarised radiation by 
means of a radiation-sensitive detection sys- 
tem, comprising radiation-sensitive detection 
means to provide an output dependent on 
the orientation of the plane of polarisation 
of radiation incident thereon, and a series- 
combination of at least three doubly-refract- 
ing elements, at least one of which is an 
electro-optical crystal to which a varying 
electrical voltage is applied, said series com- 
bination being arranged in the path of said 
incident beam prior to said detection means, 
the relative orientation of said elements and 
the electrical voltages applied to said electro- 
optical crystal or crystals being such that 
whereas the radiation falling on said detec- 
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tion means iS^Rintained substantially lin- 
eariy polarised, the orientation of the plane 
of polarisation is periodically varied with 
reference to the orientation of the polansa- 
5 tion of saud incident beam to facilitate the 
determination of a stationary or slowly vary- 
ing orientation of the polarisation of said 
incident beam. Thus, a dynamic detecUon 
of a static or quasi-static state can be 
10 obtained. . ^ 

The series-combination can comprise two 
X/4-plates between which is arranged an 
dectro-optical crystal to which an alternat- 
ing electric voltage is applied and a pm- 
15 cipal direction of which is at an angle of 45 
to the principal dkections of each of the 
A/4-plates, . . ^ /a 

Herein the principal direction of a A/^ 
plate will be used to denote one of the two 
20 orthogonal directions transverse to the pro- 
pagation direction of electromagnetic waves, 
representing the direction of polarisation of 
an electromagnetic wave propagating respec- 
tively as a fast or as a slow wave, and the 
25 principal dkection of an electro-optical crys- 
tal will be used to denote one of the two 
directions transverse to said electromagnetic 
wave propagation direction correspondmg 
to respective principal dielectric axes. 
30 The electro-optical crystals used are pre- 
ferably crystals exhibiting the Pockels effect. 
The bkefringence of these crystals is a linear 
function of the voltage applied to the crys- 
tals. An example of such a crystal is a 
35 KDP-crystal which is electro-optically v^ 
stable and is relatively easy to handle. The 
dielectric properties of a KDP-crystal allow 
relatively high frequencies and high voltages 
to be used. Such a crystal can therefore 
40 be deeply modulated at a high frequency. 
As an alternative, crystals can be used 
whose birefringence is proportional to the 
square of the applied voltage. An example 
of such a crystal is a KTN-crystal. When 
45 such a crystal is suppUed with a voltage 
which is the sum of a direct voltage and a 
smaU alternating voltage, the birefringence 
can be made to vary substantiaUy hneariy 
with the instantaneous amplitude of the alter- 
50 nating voltage. , , , 

K polarised radiation is passed through 
the aforesaid crystals, the state of polar^a- 
tion of the radiation can be changed so that 
the state of polarisation of the emergent 
55 radiation will vary in accordance with varia- 
tions of the voltage applied to the crystal. 

In order that the invention may be clearly 
understood and readily carried into effect 
embodiments thereof wiU now be descnbed 
60 by way of example with reference to the ac- 
companying drawings, of which : ^ 

Figure 1 is a schematic diagram showing 
one embodiment of an apparatus employing 
the invention, 
65 Figures 2a, 2b and 3 are geometnc repre- 
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sentations of'^Pstates of polarisation of a 
radiation wave illustrating the operation of 
the arrangement of Figure 1, 

Figure 4 is a schematic diagram illustrat- 
ing means for processing the signals obtained 
from the apparatus shown in Figure 1, 

Figure 5 is a schematic diagram showing 
a second embodiment of the arrangement 
according to the invention, and 

Figures 6a. 6b and 6c are geometric rep- 
resentations of the states of polarisation of 
a radiation wave illustrating the operation 
of the arrangement of Figure 5. 

In the arrangement of Figure 1. the refer- 
ence numeral 1 denotes a light source emit- 
ting linearly polarised radiation, for example, 
a saccharuneter. The linearly polarised 
radiation emitted from the light source 1 
and converted by the lens 2 into a parallel 
beam is incident upon the series-combina- 
tion of a X/4-plate 4, a KDP-crystal 5 and a 
X/4-plate 6. The principal dkections 7 and 
9, as herein defined, of the X/4-plates 4 and 
6 are parallel to each other, whilst the prm- 
cipal direction 8, as herdn defined, of me 
crystal 5 is at an angle of 45" to the prm- 
cipal directions of the plates 4 and 6. 

An altematmg voltage V— Vo sin ta t is 
appUed to the crystal 5 so that the electric 
field produced by the voltage in the crystal 
is paraUel to the direction of propagation 
of the radiation m the crystal. 

The state of polarisation of the lignt 
emitted from the series-combination com- 
prising the X/4-plate 4, the crystal 5 and 100 
file A/4-plate 6 can be readily illustrated by 
means of the Pomcar6 sphere which repre- 
sents all the states of polarisation of a radia- 
tion wave, cf. also "Principles of Optics by 
Bom and Wolf, pages 30 and 31. . 1"^ 

Referrmg to Figure 2, a state of polarisa- 
tion P can be characterized by an ellipse in 
the xy-plane, the major axis L of which is 
at an angle <f) to the Jc-axis, and the diagonal 
D of the circumscribed rectangle is at an liu 
angle K to L. The ratio of the axes of the 
ellipse is given by tan ^. , 

On the Pomcar6 sphere shown m Figure 
2b, the point P is characterized by the angles 
2 <f> and 2 C There is thus an unambijgu. 
ous relation between the state of polansa- 
tion and the associated point on the sphere. 

For lineariy polarised light, as can be 
seen from Figure 2a the angle ti^O , 
this condition corresponds to pomts on the 120 
equator of the sphere, that is to say that 
the equator represents all the states of Imear 

^^Fo^drcularly polarised light the angle 
f—45" and this condition corresponds to 12^ 
the poles A^ and A, of the sphere. , 

A Imear phase anisotropy occurrmg m 
birefringent crystals can be represented as 
a rotation about an axis in the plane of the 
equator. 
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On the Poincare spher^Bwn in Figure 
3, the line FG represents the principal direc- 
tion of the A,/4-plates 4 and 6 and tide line 
ED indicates the principal direction of the 
5 crystal 5. 

An arbitrary orientation is chosen for the 
plane of polarisation of the radiation inci- 
dent upon the A/4-plate 4. The line BoO, 
which is at an angle o:* to the axis FG, 
10 represents this arbitrary orientation. 

For any arbitrary time t, the change of 
the state of polarisation of the incident polar- 
ised radiation caused by tiie X/4-plate 4 is 
represented by a rotation about the axis FG 
15 through 90*. The point on the circle 
TFSG represents the state of polarisation of 
the radiation emerging from the A/4-plate 4. 

In the case of Sie crystal 5, the state of 
polarisation of the emergent radiation will 
20 vary witli reference to that of the incident 
radiation in accordance with the instantane- 
ous voltage applied to the crystal. At the 
instant f=0, V=0. The crystal 5 does not 
influence the incident light. The point Bj 
25 consequently also represents the state of 
polarisation of the radiation' emerging from 
the crystal 5. 

At the instant f=T/4 where T is the 
period of the modulation applied to the crys- 
30 tal 5, V=Vo. The crystal 5 changes the 
state of polarisation of the light incident 
thereon. The point Ba on the circle TFSG 
obtained by rotation about the axis DE re- 
presents the state of polarisation of the radia- 
35 tion emerging from lie crystal 5, 

At the instant r=T/2, V=0, The point 
Bi represents the state of polarisation of the 
radiation emitted from the crystal 5, 

At tihe instant /=3/4 T, V= -Vo. The 
40 crystal 5 changes the state of polarisation of 
the light incident thereon. The point B3 on 
the circle TFSG represents the state of 
polarisation of the radiation emer^g from 
the crystal 5. 
45 The A/4-plate 6 changes the state of 
polarisation of radiation incident thereon. 
This change is represented by a rotation 
through 90** about the axis FG. The points 
B4, B5 and Bo on the equator represent at 
50 the instants r=0 and r=T/2, at the instant 
T/4 and at the instant 3/4 T, respectively, 
the state of polarisation of the linearly polar- 
ised radiation emerging from the A-/4-plate 
6. The motion of fiie point B4 as it passes 
55 to and fro along the equator between the 
points Bs and Bo, is harmonic, because the 
voltage applied.to the crystal 5 is sinusoidal. 

The orientation of the azimuth of the 
radiation emerging from the A/4-plate 6 is 
60 represented by o!=«o -t-.j8sin tot, in which «o 
represents the position of the plane of polari- 
sation relative to an arbitrary plane at the 
instant /=0 and ^ represents the amplitude 
of the angle of rotation of the plane of 
65 polarisation caused by the crystal 5. 
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The linearly polarised TSfTiation emerg- 
ing from the A/4-plate 6 and having an 
azimuth kx^^ciq-^-^ sin wt is directed onto 
the semi-transparent beam-splitter 20 and 
thence onto the polarisers 21 and 22, res- 70 
pectively. The directions of polarisation 23 
and 24 of the polarisers 21 and 22 are in- 
clined at an an^e to each other of 45"* when 
referred to the orientation of the polarisa- 
tion of the respective beams. The intensity 75 
of the radiation emerging from the polariser 
21 and that of the radiation emerging from 
the polariser 22 together determine un- 
ambiguously the instantaneous position of 
the plane of polarisation of the radiation 80 
emergent from the A/4-plate 6. 

The radiation is converted by the detectors 
33 and 34, respectively, into an electric 
voltage having a waveform represented by 

Si = constant '4- S sin2(«CKo+»iS^ sin wt), and 85 
Sa = constant '+ S coslfyx^-^-fi sinwt), 
respectively. 

In the following manner described with 
reference to Figure 4, an indication can be 
obtained from Siese voltages. If the ampli- 90 
tude jS is chosen to be small, for example, 
0.2 radian, a close approximation of the 
above formulae can be obtained by re-writ- 
ing the expressions as 



Si = constant ;+ S sinZoSo + 2^ 'S cosZoo 95 
sin <Dt. 

S3 = constant • 4- S cos2ao 2j5 S sin 2aro 
sin lot 

Referring now to Figure 4 the electrical 
signals from the detectors 33 and 34 are 100 
applied to the devices 35 and 36, to which 
are also applied voltages from sources 40 
and 41 respectively, which are proportional 
to sin <jt. The product of the applied volt- 
ages is formed in the devices 35 and 36 each 105 
comprising, for example, a Hall generator. 
The mixed products are applied to the low- 
bandpass or low-pass filters 37 and 38, 
which pass dgnals of, for example, \ to. 
Voltages proportional to cos2ao and to sin 110 
20:0, respectively, are then produced at the 
filter outputs and can be further processed 
as desired. 

It will be apparent that the electrical sig- 
nals Si and S2 from the detectors 33 and 34 115 
can be processed not only in the manner 
described hereinbefore which is further des- 
cribed in British Patent Specification No. 
997,405, but also in other ways, one example 
of which is also described in the aforesaid 120^ 
British Patent Specification No. 997,405. 

As an alternative to the simple harmopdc 
rotation described above, a linear rotation 
may be imparted to the plane of polarisa- 
tion of the linearly polarised beam of radi- 125 
ation which is directed onto the beam split- 



lie outi 



1,248.752 



ter 20. TheTutput signals produced by 
the radiation-sensitive detectors 33 and 34 
will then have a comparatively simple wave- 
form. Figure 5 shows an embodiment of 
5 apparatus in vfhich the plane of polarisa- 
tion can be rotated at a constant angular 
speed. , 

In the arrangement of Figure 5, the Im- 
early polarised beam of radiation emitted 
la from the light source 51 and converted by 
^ the lens 52 into a parallel beam is inci- 
dent upon the series-combination of three 
KDP-crystals 54, 55 and 56. The principal 
directions 61 and 63 of the crystals 54 and 
J 5 56 are parallel to each other and the prin- 
cipal direction 62 of the crystal 55 is at an 
angle of 45° to the principal directions 61 
and 63 of the respective crystals 54 and 56, 
To the crystals 54 and 56 is applied an 
20 alternating voltage Vi=V slnwt from the 
alternating voltage source 58, whilst an alter- 
nating voltage Va=V^ cost^t from the alter- 
nating voltage source 59 is applied to the 
crystal 55. The voltages V and V are 
25 applied so that the field strength produced 
by the voltage in the crystals 54 and 56 and 
in the crystal 55. respectively, is parallel to 
the direction of propagation of the light m 
the respective crystal. 
30 The amplitude V is arranged to be such 
that Imearly polarised light incident upon 
each of the crystals 54 and 56, respectively, 
is converted by this voltage into circularly 
polarised light and this means that a phase 
35 difference of one quarter wavelength is pro- 
duced between the two waves formed from 
the linearly polarised light as it traverses 
the respective crystal. 
The peak voltage V* is arranged so as to. 
40 produce a phase difference of a half wave- 
length between the two waves formed from 
lineariy polarised light as it traverses the 
crystal 55, in other words the light emergmg 
from the crystal 55 would in this instance 
45 still be linearly polarised. 

The orientation of the plane of polansa- 
tion of the emergent light can be readily 
calculated for five instants in time. 

For the five instants r=0. f=i T. r=i T, 
50 t=i T and f=i T, the orientation of the 
plane of polarisation is rotated approxi- 
mately in proportion to the time t. For 
intermediate instants, there are deviations 
from this direct proportionality. The angu- 
55 lar velocity of the plane of polarisation is 
therefore only approximately constant. More- 
over the light emerging from the series- 
coml5mation of crystals is slighdy eliiptically 
polarised at intermediate instants. By a 
60 more selective choice of the voltages V and 
and alternatively or additionally, by 
employing a series sequence of (2n+ 1) crys- 
tals, where n is an integer, to which an ap- 
propriate excitation is applied, the approxi- 
65 mation to a constant velocity of rotation 
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and of the WSSx polarisation of the light 
throughout the rotation can be improved. In 
the latter case, the odd- and even-numbered 
crystals must together exhibit an anisotropy 
of approximately i X at the iastant r=0 
and f=i T, and the respective alternating 
voltages applied to the odd numbered crys- 
tals in the sequence can be 90 degrees out 
of phase with the respective alternating volt- 
ages applied to the even numbered crystals. 

On the Poincar^ sphere shown in Figure 
6a, the line FG indicates the prmcipal durec- 
tion of the crystal 55 and the line ED indi- 
cates the n^a^" direction of the crystals 54 
and 56. , , r 

The initial orientation of the plane 01 
polarisation of the linearly polarised beam 
incident upon the crystal 54 is arbitrary and 
is represented by the Ime AoO, which is at 
an angle a to the axis FG. 

At the mstant f=0, only the crystal 55 
is operative. The state of polarisation of 
the radiation emergmg from the crystal 55 
is found by a rotation of Ao through 180 
about the axis FG. The point Ax on the 
equator represents the state of polarisation 
of the linearly polarised radiation emergmg 
from the crystal 56. 

At the instant r=T/4, only the crystals 54 
and 56 are operative. The state of polari^- 
tion of the emergent radiation is found by 
a rotation about the axis DE through ISC'. 
The pomt Aj on the equator represents the 
state of polarisation of the lineariy polar- 
ised radiation emerging from the crystal 56. 

At the instant t=T/8, V^=V sin wt=V 
sui27r/T T/8=0.7 V and Va==V^ cos <ut= 

0.7 V^. . 

The state of polarisation of the radiation 
emerging from the crystal 54 is found ^by 105 
rotation of the point Ao through 0.7 . 90^ — 
63 about the axis DE shown in Figure 6b. 
The point A^ is thus reached. The state of 
polarisation of the radiation then passmg 
through the crystal 55 is found by rotation 110 
about the axis FG through 2 , 0.7 .90'' = 
126*. This rotation is represented by the 
arc A3A4. Finally, the radiation passes 
throu^ the crystal 56. The state of polari- 
sation of the radiation emerging from the 115 
crystal 56 is found by rotation through 63 
about the axis DE. The point A, near the 
equator is reached. The emergent light is 
substantially linearly polarised. The azimuth 
of the state of polarisation A5 lies approxi- 120 
mately midway between the azimuth for Ai 
(r=0) and that for Aa(r=T/4). ^ 

At the instant r=3T/8, V,=V sm o,t=V 
sin 27r/T. 3T/8=0.7 V and Vi=V^ cos 
o,t=-0.7V^ . 125 

Figure 6c indicates the points representing 
the state of polarisation after passage 
through the crystal 54 (point A«), after pas- 
sage through the crystal 55 (pomt A7. ob- 
takied by rotation about the axis DE through 130 
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127°) and after passageTSrough the crys- 
tal 56 (point Ag), respectively. The. point' 
Ag lies near the equator. The emergent 
light is again substantially linearly polar- 
5 ised. The point As lies substantially at the 
same distance from the point Ai (f=T/2) 
as from the pouit Aj (r=T/4), cf. Figure 6a. 

The series combination of the three KDP- 
crystals 54, 55 and 56 provide periodic sig- 
10 nals which on approximatidri, since the third _ 
term and further terms df the mathematical^., 
series can be neglected with respect to tiie * 
first two terms, can be repres^ted by: 

S3 = constant 4- P sin 2(cro?+*»t) and 
15 S4 = constant + P cos 2(a^-4'wt). 

The orientation <Xo of the plane of polarisa- 
tion of the linearly polarised radiation inci- 
dent upon the series-combination can be 
detected from these signals in known man- 
20 net, for example, by comparing the phase 
of one of these signals with that of the signal 
Vi=V sin wt 

Signals having a similar form to that of 
S3 and S4, are also obtained by employing 
25 the arrangem^t of Figure 1. in which a 
sawtooth voltage is applied to the crystal 5 
from the source 10, the difference between 
the maximum and the minimum value of 
this voltage being so chosen that a change 
30 of phase difference of one wavelength is pro- 
duced between the two waves formed from 
inherent linearly polarised light as it tra- 
verses the crystal 5. 

The phases of the output signals thus 
35 obtained can be compared in known manner 
widi the zero transits of the sawtooth volt- 
age. When processing these signals, the de- 
tection system should be rendered inopera- 
tive during the short fly-back period of the 
40 sawtooth voltage. 

In both of me embodiments herein des- 
cribed each electro-optical crystal or crys- 
tals can be made up of a plurality of com- 
ponent crystals to each of which a respec- 
45 tive voltage can be applied which is smaller 
than the voltage that would have been ap- 
plied to the equivalent undivided crystal by 
a factor proportional to the number of com- 
ponent crystals. 
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50 WHAT WE CLAIM IS : — 

1. Apparatus for detecting the orienta- 
tion of Sie plane of polarisation of an inci- 
dent beam of linearly polarised radiation by 
means of a radiation-sensitive detection sys- 

55 tem comprising radiation-sensitive detection 
means to provide an output dependent on 
the orientation of the plane of polarisation 
of radiation incident thereon, and a series- 
combination of at least three doubly-refract- 

60 ing elements, at least one of which is an 
electro-optical crystal to which a varymg 
electrical voltage is applied, said series-com- 



bination being arranged in the path of said 
incident beam prior to said- detection ineanSi 
the relative orientation of -said elements and 
the electrical voltages applied to said elec- 
trb-pptical crystal or crystals being isuch 
that whereas the radiation j^allihg '^on said 
detection ineans is maintained substantially 
linearly polarised; the orientation - of 'tfie 
plane of polarisation is periodically varied 
with reference to the orient£ftii:)n of the 
polarisation of said incident beiSm to facili- 
tate the determination of a stationary or 
slowly varying orientation of the polarisation 
of said incident beam. 

2. Apparatus as claimed in Qaim 1, in 
which said series-combination comprises two 
X/4-plates and an electro-optical crystal ar- 
ranged between said two X/4-plates, the 
principal direction, as herein defined, of said 
electro-optical crystal being at an angle of 
45° to the principal direction, as herein 
defined, of each of said X/4-plates. 

3. Apparatus as claimed in Claim 2, in 
which said varying voltage is a sawtooth 
voltage, the difference between the maxi- 
mum and the minimum value of said saw- 
tooth voltage corresponding to a phase ani- 
sotropy in said electro-optical crystal, of one 
wavelength of said lineariy polarised radia- 
tion. 

4. Ap£>aratus as claimed in Qaim 1, in 
whidi said series-combination comprises 
three electro-optical crystals, the principal 
direction, as herein defiiied, of the intermedi- 
ate crystal being at an an^e of 45** to the 
nmtually parallel said principal directions of 
the two remaining crystals. 

5. Apparatus as claimed in Qaim 1, in 
which said series-combination comprises 
(2n-hl) electro-optical crystals, where n is 
an integer, so arranged that the principal 
direction, as herein defined, of each of the 
even-numbered crystals is at an angle of 45° 
to that of each of the odd-number^ crystals. 

6. Apparatus as claimed in any one of 
Claims 1, 4 and 5, in which the varying volt- 
age applied to the odd-numbered crystals of 
the series-combination and the varying volt- 
age applied to the even-numbered crystals 
have a relative phase difference of 90°. 

7. Apparatus as claimed in Qaim 4, in 
which the amplitude of the voltage applied 
to each of the outer crystals corresponds to 
a change in path length difference of sub- 
stantially one quarter wavelength in the 
relevant crystal, whilst the amplitude of the 
voltage applied to the intermediate crystal 
corresponds to a change in path length dif- 
ference of substantially one half wavelength 
in this crystal. 

8. Apparatus as claimed in any one of 
the preceding Qaims, in which a said elec- 
tro-optical crystal or crystals is or are made 
up of a plurality of component crystals to 
each of which a varying voltage is applied. 
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the amplitude of tte voltage applied to each 
component crystal being smaDer than the 
voltage that would be applied to the equi- 
valent undivided crystal, by a factor propor- 
tional to the number of component crystals. 

9. Apparatus for detecting the position 
of the plane of polarisation of a linearly 
polarised beam of radiation, substantially 



as herein described with reference to the 
accompanying drawings. 

G A. CLARK, 
Chartered Patent Agent, 
Century House, 
Shaftesbury Avenue, 
Lx)ndon, W.C.2. 
Agent for the Applicants. 
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